Microelectrochemical polarization measurements of polycrystalline Pt were performed to clarify the effect of the crystal orientation and grain boundary on the surface oxidation of Pt. Cyclic voltammograms (CV) for Pt(100)-like and Pt(110)-like grains on polycrystalline Pt after mechanical polishing showed no anodic peak below 1.35 V, which is similar to that for well-annealed Pt(111) single crystal. The anodic current of Pt(110)-like grain was significantly larger than Pt(100)-like. A small but concrete current increase appeared around 1.051.3 V in the CV of the surface including grain boundaries. This suggests the grain boundary may be the preferential site for the dissolution.
Introduction
Pt dissolution is one of the most important subjects in the Polymer Electrolyte Fuel Cell (PEFC) field. The deterioration of the Pt cathode catalyst in PEFC originates from Pt dissolution during the operation of PEFC. 1, 2) Previous reports regarding the Pt dissolution under the simulated PEFC cathode condition show that while Pt dissolution is accelerated by potential cycling where Pt oxide formation and its reduction occur, 39) the oxide plays a protective role against the dissolution of bare Pt surfaces at potentials higher than 1.11.2 V under the potentiostatic condition. 3, 1012) Hence, Pt oxides play a key role in the Pt dissolution mechanism in the PEFC cathode condition. 3, 12) However, polycrystalline Pt was used as the specimen in the most studies on the Pt dissolution, and the influences of the surface heterogeneity such as the crystal orientation and the grain boundaries on the dissolution and oxide formation remain unclear.
Some research on the electrochemistry of Pt single crystals has suggested that the Pt oxidation process in H 2 SO 4 , 13) HClO 4 , 11) and HF 14) solutions depends on the surface orientation. However, the electrochemical property of polycrystalline Pt cannot be predicted from the results of single crystals because of the existence of grain boundary and the interaction of neighboring grains. In order to investigate the effect of the crystal orientation and grain boundary, microscopic electrochemical techniques are quite useful. 15, 16) Particularly, the micro-capillary cell technique was used for corrosion studies on Fe and stainless steels, 1724) and many valuable findings were obtained. The objective of this study was to clarify the effect of the crystal orientation and grain boundary on the surface oxidation of Pt as a first step in the study on the relation between surface heterogeneity and Pt dissolution. The microelectrochemical cell technique was employed to conduct the electrochemical measurements for polycrystalline Pt with a surface area (º) of ca. 2.0 © 10 ¹4 cm 2 .
Experimental

Specimen preparation
A commercial polycrystalline Pt (Nilaco), and Pt(100) and Pt(110) single crystals with a small misorientation of <0.1°( MaTecK) were used as specimens. The polycrystalline Pt was heat-treated for grain coarsening at 1823 K for 8 h. The average grain size was approximately 300400 µm. The crystal orientations were investigated by electron backscatter diffraction (EBSD: JEOL, JSM-6500F). Prior to electrochemical measurements, all the specimens were polished with finer grade diamond pastes down to 0.25 µm, and finally cleaned ultrasonically with ethanol.
Microelectrochemical measurements
We fabricated a microelectrochemical cell similar to that developed by Suter. 16) Figure 1 shows a picture image of the microelectrochemical cell used in this study. A Au wire is used as a counter electrode. A W wire with its oxide at the tip (W/WO X ) is used as a pseudo-reference electrode. All potential values are referred to SHE in this paper. A microcapillary is composed of a glass tube with a silicone rubber, 22) whose inner diameter is 140 µm and outer diameter is Fig. 1 Appearance of the microelectrochemical cell used in this study.570 µm. The microelectrochemical cell was mounted instead of an objective lens in a revolving nosepiece of an optical microscope. This system allows the microelectrochemical measurement at the small desired regions by switching between the objective lens and the microelectrochemical cell. In this study, the polarized surface area was calculated using an image of a solution droplet left after the measurement because the potential cycling tests described below cause a hydrophobic-to-hydrophilic change in the Pt due to surface roughening. The microelectrochemical experiment required low current to be measured precisely in the range of nApA. Therefore, we fabricated a battery-powered low-current potentiostat using operational amplifiers with low input bias current.
22) The circuit of this potentiostat is similar to that in the literature. 25) Cyclic voltammetry (CV) measurements were performed in 0.5 M H 2 SO 4 solution at 298 K open to air by using the microelectrochemical cell. The solution was syringed into the cell after the set up. The working electrode was first held at open circuit potential for 1 min, and then polarized at 0.45 V for 3 min to remove an air formed oxide. After that, the potential scan was started from 0.6 V in the anodic direction and was cycled at 10 mV s ¹1 in the range of 0.61.5 V. Figure 2 (a) shows the EBSD pattern of the polycrystalline Pt. Region A, B and C represent the electrode areas used for microelectrochemical measurements: region A is Pt(3 2 30), B is Pt(405), and C is a multi-plane surface including grain boundary. Here, Pt(3 2 30) is regarded as Pt(010), Pt(405) as Pt(101), because all the differences of the Euler angle between region A and Pt{100}, between region B and Pt{110} were within 15°. This specimen was preferentially oriented in Pt{100} and Pt{110}. 2 ) in the same condition is shown in Fig. 2(b) . The CVs in Fig. 2(b) are the result of the 2nd cycle because the current of the 1st cycle included the oxidation of contaminations on the surface of the specimen. 26) In addition, these polarization curves of Pt were more strongly affected by oxygen reduction reaction particularly in the range of 0.6 0.8 V, compared to those measured using conventional macroscopic polarization techniques, because oxygen easily penetrated the cell through a thin electrolyte film formed in the slight gap between the edge of the micro-capillary and the specimen. Thus, the CVs are represented in the limited range of 0.81.5 V. Almost all of the anodic current observed in Fig. 2(b) is attributed to the PtO formation 27) or the adsorption of oxygen species (OH ad , O ad ):
Experimental Results and Discussion
Effect of crystal orientation on the surface oxidation of Pt
In this paper, the reactions are expressed as "PtO" formations. The CVs of the regions A and B show no anodic current peaks in the potential range of 1.01.4 V, but a gradual increase in current. This result is different from that reported from previous electrochemical investigations of Pt single crystals in H 2 SO 4 solution, which indicated that CVs of Pt(100) and (110) surfaces have obvious peaks at 1.01.1 V vs. RHE. 13) Both the CVs for regions A and B are similar to those of Pt(111) 13) or polycrystalline Pt in Fig. 2(b) , which show no peak. As a reference, the CVs of single-crystal Pt(100) and Pt(110) in 0.5 M H 2 SO 4 solution, which were measured in the same microelectrochemical cell used for the polycrystalline Pt, are shown in Fig. 2(c) . The anodic current increases gradually in a similar manner to Fig. 2(b) , and sharp current increases appear above 1.4 V on both the single crystals. These anodic behaviors in Fig. 2(c) are similar to that of Pt(111) in the previous report 13) despite the difference in crystal orientation. Hassel et al. also reported similar results in the case of the microelectrochemistry of Au. 29) This (111)-like orientation behavior implies that the pretreatments of the samples, the polishing and the reduction of air formed oxide, may well have constructed Pt(111)-like surface on all the grains. That is, the "surface" orientations of region A and B, whose "intrinsic crystal" orientations are nearly Pt(100) and Pt(110), are close to Pt(111). This may be because no surface annealing treatments in an oxygen flame to form a well-defined surface with less steps and kinks was done in this study. 30) Surprisingly, the effect of the crystal orientation on the electrochemical property of Pt was captured by this microelectrochemical system, and is shown in Fig. 2 . Apparently the rate of Pt-O formations of Pt(110) was higher than Pt(100) in spite of their similar surface orientations. This result indicates that even though the pretreatment of the specimen leads to a similar surface orientation, Pt(111), the crystal orientations of each grain affect its electrochemical behavior.
Effect of grain boundary on the surface oxidation
of Pt In order to discuss the influence of the grain boundary, the CV was measured at region C, which includes grain boundaries. This region was composed of two different grains, Pt(100)-like and Pt(110)-like grains, whose area ratios were 79 and 21%, respectively. If we assume these two grains have the same electrochemical properties as those of regions A and B, we can calculate the CV for the virtual region C without grain boundaries. The CV measured for region C (the solid line) is compared with that calculated for the assumed region consisting of 79 area% Pt(100)-like grain and 21 area% Pt(110)-like one (dotted line), as shown in Fig. 3 . The comparison of measured and calculated CVs depicts that a small but concrete current difference in the current density appeared in the potential range around 1.051.3 V during the forward scan. Similar measurements and comparisons were repeated several times. Although the absolute values of the difference in current density between the measured and calculated CVs changed from one experiment to the next, the current densities measured in the range of 1.05 to 1.3 V were always higher than those calculated excluding the contribution of the grain boundaries. Thus it is predicted that the grain boundary leads to an increase in current density around 1.051.3 V, due to the Pt-O formation at relatively lower potentials compared to the grain surface. The sharp current increase at potentials above 1.35 V could not be attributed simply to the oxidation of grain boundaries, because the oxidation of Pt(111)-like surface and/or oxygen evolution also occur at such high potentials. 13) It is well-known that grain boundaries typically have countless atoms with coordinative unsaturations due to their irregular atomic arrangement, and that they undergo anodic dissolution and oxidation more easily. In the case of Pt, which has a high corrosion resistance, a trace amount of Pt dissolution on the bare Pt surface is accompanied by Pt-O formation.
3) Hence, Pt dissolution might be accelerated at the grain boundary at lower potentials before the adsorption of the oxygen species occurs. In addition, the growth of the oxides causes a cathodic dissolution of Pt during potential cycling. 3, 4, 6) Therefore, the grain boundary of Pt has a high activity to act as a predominant dissolution site. The preferential surface oxidation most likely depends on the structures of grain boundaries such as the coincidence site lattice boundary, 31) and the random boundary among others. The control of grain boundary characteristics is important for the inhibition of Pt dissolution, and the next challenge for the development of a Pt catalyst. 
Conclusions
